The spin-orbit torque device is promising as a candidate for next generation magnetic memory, while the static in-plane field needed to induce deterministic switching is a main obstacle for its application in highly integrated circuits. Instead of introducing effective field into the device, in this work we present an alternative way to achieve the field-free current-driven magnetization switching.
Introduction
Manipulating the magnetization by spin-orbit torque (SOT) in heavy metal/ferromagnet (HM/FM) systems is a promising mechanism for magnetic random access memory (MRAM) application [1] [2] [3] . The 3-terminal SOT device is superior in the stability of the MgO tunnel barrier than the traditional 2-terminal spin-transfer torque (STT) device, and the switching efficiency can be further enhanced by increasing the spin-Hall angle [4] and interface transparency [5] [6] [7] . The application of SOT is not only important for data storage, but also lead to a new category of logic devices [8] [9] [10] . However, along with the SOT an external field parallel to the electric current is needed to achieve deterministic switching between two opposite magnetization directions, while keeping an external field in highly integrated circuits is impractical.
To exempt this field, different forms of effective field such as exchange bias [11] [12] [13] , interlayer coupling [14, 15] , gradient magnetic anisotropy [16, 17] , Rashba field [18] or spin-transfer torque [19] etc have been attempted. In this exploration towards field-free SOT switching, the DzyaloshinskiiMoriya interaction (DMI) plays a crucial role. DMI is a kind of indirect coupling between spins in ferromagnetic (FM) layer aided by spin-orbit-coupling induced by adjacent heavy metal layer in inversion-symmetry breaking structures. The DMI favors homochiral Neel-type domain wall (DW) in which the in-plane moment is aligned along the normal direction. According to the domain nucleation-expansion model of SOT switching [20] , because of the chirality of the DW, both side of an enclosed domain under SOT have same moving direction, resulting in domain shift but not expansion. Different effective fields mentioned above are utilized to break the chirality, at least partially, to induce domain expansion which leads to deterministic switching.
Alternatively, if two ends of the current channel in the device can be initially magnetized in opposite directions, then the deterministic switching can be achieved by DW movement. In this approach, rather than be treated as a barrier needed to be overcome, the DMI is essential for stabilizing chiral Neel-type DW which can be effectively driven by SOT, similar to the racetrack devices [21] [22] [23] .
Core of this scheme is how to keep the source areas of DW in fixed magnetization. Stray field induced by additional magnetic component [24, 25] and geometry effect [26] have been issued to solve this problem, but these solutions are either too complex for manufacture or hard to be realized when the device size decreases to tens of nanometer.
In this work we proposed an improved pinning scheme. A Ru/Pt bilayer is employed to connect Tb/Co pinning layers and Co/Ni/Co trilayer. Deterministic current-driven switching can be achieved once the magnetizations of Tb/Co pinning layers are set by field. The strong interlayer coupling makes it possible to investigate the DW assisted switching mechanism under the competition between DMI and external field. We found the direction of the in-plane spin in DW dominate the SOT-induced effective field. The geometry-independent nature and abundant expandability make our device design promising in practical manufacture and future spintronic research.
Experimental Details
The main fabrication procedures of the device are drawn in Figure 1 al [30] is applied to evaluate the effective field generated by DMI on a vector magnet which can apply longitudinal and vertical magnetic field to the device at the same time. All the measurements and applied field directions follow the geometry noted in Figure 1 (b).
Results and discussion

Magnetic Properties
To achieve desired lateral magnetic structure in the device, the RH values of the two areas pinned by Tb/Co multilayers versus Hz are measured and shown in Figure 1 state is opposite to the saturation direction, this phenomenon implies that the pinned area supply switching assistance to the central area by exempting it from domain nucleation process, which has larger energy barrier than domain expansion. However, the bias can be ceased by adding an magnetizing field of ±2000 Oe opposite to the initial saturation direction. Diving into the coercivity window differs the magnetization directions of the two pinned areas and offers switching assistance to both magnetization directions of the central area. In the rest of this article, the remanent state after +6000 Oe and -2000 Oe magnetization is called State I and that after -6000 Oe and +2000 Oe magnetization is called State II for convenience.
Field-free deterministic switch
We cannot tell difference between State I and State II by hysteresis loops in Figure 1 (d), but it is not the case for the switching process driven by SOT. Figure 2(a, b) shows the current-driven [2, 23] , where m is the moment and σ is the spin accumulation along y-axis generated by the SHE, the switching polarity is dependent on the mDW, defined as the in-plane m in the DWs, which show anti-clock chirality. This is consistent with previous works on Co/Ni/Co trilayer [22, 31] . Although the effective field of SOT is usually smaller than that of the PMA of the FM layer, the mDW in the Neel-type DW can be switched to the z-axis since the torque generated by the PMA approaches 0 around the peak of the anisotropic potenial. Then the domain wall moving direction along with the reversal direction is determined by the nearer polar along z-axis to the in-plane spin in the Neel-type DW.
Loop shift analysis
To further understand the DW assisted switching it is necessary to investigate the effective field generated by the SOT. Compared to the harmonic method(Supplementary Note), the current assisted loop-shifting measurements [30, [32] [33] [34] Figure 2(a, b) . Since the mDW in Neel-type DW is normal to the tangent line, the sections of the DWs tilted from the original direction can only supply partial of the maximum driving force depending on the projection of mDW on the x-axis. If we assume the DW is only pinned at the boundary of the current channel [26, 36] and has a simplified semicircle profile, it is easy to deduce that the ratio between the driven forces of the curved profile and the original profile equals the area ratio between a circle and its circumscribed square, i.e. π/4 ≈ 78.5%, which is close to the experimental value. In contrast to DMI, the Hx field align the moment along the x-axis regardless of the DW profile. That difference also contributes to the slope discontinuity of the -Hx curves around zero field.
We also fabricated reference Hall-bar without the Tb/Co pads on the same substrate and measured the -Hx curve, which is also attached in Figure 3 (c). This curve shows saturating trend around 1500 Oe but don't have a sharp critical point. Referring to the intersections between the DW assisted -Hx curves and the x-axis, the point where the fitting line of the saturated parts intersect the slope line at origin point is a best approximation for HDMI definition. It is interesting to see that although the reference -Hx curve have the same saturated value with the other two curves, but its shape is different from the mid-value line of the two. This mid-value line is drawn as the green dash line in Figure 3 (c). Indeed in the work of Mann et. al. [35] we can find a transition from the shape similar to this mid-value line to the more common shape of the data line of the reference device, along with decreasing HDMI and increasing . Since an enclosed small domain with strong DMI can be seen as a topologically protected skyrmion [37] , it implies when DMI is strong enough to suppress domain nucleation, the domain expansion may only start from both ends of the current channel, and the switching is dominated by the competition between ↑↓ and ↓↑ DWs, resulting in -Hx curve like the green dash line. The DW assisted device shows us a new perspective to analysis complex situation about SOT, which is specially helpful in the design of new spintronic devices.
In the device fabrication, the Ru/Pt composite layer is used as oxidation barrier layer after step 1 and exchange coupling interlayer in step 2 and 3, finally it further help us to build a synthetic antiferromagnetic(SAF) structure in the central area to solve the problem of signal reading out in practical use of spintronics. In many device design for the field-free SOT-switching, two surfaces of the FM layer are both occupied to fulfil the designed function, leaving no space for tunnelling layer like MgO for tunnelling magnetic resistance(TMR) reading out. In our device, however, an additional FM layer can be capped on the central area to form the SAF structure and the top surface of the added FM layer is spared. To fabricate the SAF devices, we made another stack and added deposition of Co(4-13 Å)/Pt(10 Å) between step 3 and step 4 in Figure 1(a) . The Pt capping layer is added to prevent oxidation. The RH-Hz loops measured from the device with tCo = 7.5 Å shows an antiferromagnetic curve with an additional switching between two SAF coupled states, as indicated in Figure 4 (a)
(Supplementary Note) [38] . The State I and II defined above is also used for this device, and the RHIp loops is shown in Figure 4 (b). The difference between two RH levels corresponds to the SAF coupled states in Figure 4 (a), indicating the competence of the DWs to lead the deterministic switching of the SAF structure, although along with critical current increased. The critical current shows monotonically positive correlation to the Co layer thickness, as shown in Figure 4 (c). That indicates the DW movement in the device is in the regime of creep [39] , and the mechanism of exchange torque used to explain the speed enhancement around compensation point for the SAF multilayer [31] does not suit the situation of this work. The feasibility of driving SAF magnetization by current allows us to design a magnetic tunnelling junction (MTJ) in which the capping Pt is replaced by oxide tunnelling layer and the reference magnetic layer is added at the top, as illustrated in Figure 4 (d). In this design each magnetic component is either SAF or ferrimagnetic multilayers [40] hence in favour the reduction of stray fields.
As a conclusion, we have proposed a kind of field-free current-driven magnetization switching device with Tb/Co pads for creating the assisting DW. Evidenced by shift efficiency measurement and MOKE imaging, we found that the magnetization switching is dominated by assisting DWs occurred at the boundary of the pinned areas. The SOT efficiency is mainly determined by the orientation of the in-plane spins in the assisting DWs. The Ru/Pt surface can be used to build SAF structure in the central area for sparing a FM surface for reading out the TMR signal. This scheme is both applicable for the magnetization switching scheme and racetrack DW movement scheme, and the possibility of driving ferrimagnetic Tb/Co multilayers by all-optical helical switching [41, 42] boosts the device into a logic unit which can be reconfigured by femtosecond laser. Rather than a pure magnetic memory, the device design presented in this work is more like a multidiscipline spintronic platform. Schematic illustration for the MRAM design utilizing the DW assisted SAF structure.
